Introduction
============

Over the past decade, multi-modal imaging have utilized for cancer treatment since they can provide early diagnosis, determination of the stage, assistance of therapeutic regimens, and monitoring the efficacy of therapeutics. Recently, various types of nanoparticle have developed for multimodal imaging, which combination of two or more contrasts for the more accurate and timely imaging of desired lesions.[@B1], [@B2] In addition, combination with conventional diagnosis approaches such as computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), optical imaging and ultrasound (US) imaging, multi-modal imaging agents can provide anatomical and physiological changes of cancer.[@B3], [@B4] However, despite various multi-modal imaging agents were developed for combination of several diagnosis approaches, organization of appropriate imaging approaches and designation of multi-modal imaging agents remain challenging. In this point of view, Xu et al., have proposed marriage design concept of structure and composition by using Au nanocrystal/hollow mesoporous silica nanoparticle/Au nanoparticle/manganese oxide-based tri-modal imaging contrast agent, which could be utilized for US, MR and CT imaging.[@B5]

Among the diagnosis approaches, Ultrasound (US) imaging is widely utilized in clinical diagnosis due to high safety, low-cost and portability.[@B6] As an US imaging contrast agents, gas precursor-contained microbubbles have developed to enhance contrast effect during the US imaging.[@B7], [@B8] However, gas precursor-contained US contrast agents have a limitation in passive-targeting of the tumor site after systemic administration due to their short half-life in blood stream and size barrier, which restricts extravasation from blood vessels to tumor tissues.[@B9], [@B10] In addition, the imaging resolution of US is relatively lower than other imaging approaches, and it can be interfered by bone, gas-filled organs. To overcome these limitations of US imaging, X-ray based CT can provide the merits, which deep tissue penetration, and rapid whole-body scanning with high resolution and 3D reconstruction.[@B11] Current x-ray CT imaging has practiced using low molecular iodinated contrast agents with high atomic number.[@B12] However, low molecular iodinated contrast agents could be rarely applicable in long-term and tumor-targeted imaging due to they have a short half-life in the body by the fast renal clearance.[@B13] In addition, high dosage of contrast agents is required to accurate x-ray CT imaging of tumor due to relative low sensitivity between tumor tissue and peripheral tissues. Thus, iodinated nanoparticles such as polymeric nanoparticles, micelles and liposomes, which could improve pharmacokinetics and tumor targeting effect, have developed to solve limitations of low molecular iodinated contrast agents.[@B14]-[@B17]

Significant merits in both x-ray CT and US imaging can be complementary cooperated for development of multi-modal imaging agent, which can improve imaging sensitivity and provide definitive information of tumor. Dai and Tian et al., reported gold nanoshelled perfluorooctylbromide (PFOB) nanocapsules that could be utilized for dual-modal x-ray CT and US imaging *in vitro* and *in vivo* as well as photothermal ablation of tumors by photo-absorption effect.[@B18] In particular, they could obtain real-time imaging and additional anatomic information of tumor through x-ray CT and US dual-modal imaging by nanocapsules.

In this study, we proposed iodine containing diatrizoic acid (DTA)-conjugated glycol chitosan (GC) nanoparticles as a novel type of echogenic nanoparticles for the x-ray CT/US dual-modal imaging of tumor (Scheme [1](#SC1){ref-type="fig"}). The DTA-conjugated GC nanoparticles (GC-DTA) were synthesized via amide bond formation between DTA and GC backbone (Figure [1](#F1){ref-type="fig"}a). In addition, 3,5-diacetamidobenzoic acid (DBA) conjugated GC nanoparticles (GC-DTA) were synthesized as a non-iodinated nanoparticles (Figure [1](#F1){ref-type="fig"}b). Then, bio-inert PFP-encapsulated GC-DTA nanoparticles (GC-DTA-PFP NPs) and GC-DBA nanoparticles (GC-DBA-PFP NPs) were prepared via oil in water (O/W) emulsion method (Figure [1](#F1){ref-type="fig"}c and Figure [1](#F1){ref-type="fig"}d). *In vitro* characteristics of the GC-DTA-PFP NPs, including hydrodynamic diameter, morphology, and cytotoxicity were investigated and x-ray CT/US dual-modal imaging efficacy of the GC-DTA-PFP NPs was evaluated. *In vivo* tumor accumulation of the GC-DTA-PFP NPs was monitored by the near-infrared fluorescence (NIRF) imaging. Finally, we observed *in vivo* x-ray CT/US dual-modal imaging efficacy in a SCC7 tumor-bearing mouse model. We expect that the GC-DTA-PFP NPs can be utilized for precise detection of the targeted tumor site by the x-ray CT imaging as well as real-time monitoring by the US imaging.

Results and Discussion
======================

Preparation and characterization of GC-DTA-PFP and GC-DBA-PFP nanoparticles
---------------------------------------------------------------------------

To prepare x-ray CT/US dual-modal imaging agent, GC-DTA NPs, we used DTA as the iodine-contained radiocontrast agent in which utilized for x-ray CT imaging.[@B19]-[@B21] Diatrizoic acid (DTA)-conjugated self-assembled glycol chitosan (GC) nanoparticles (GC-DTA NPs) were prepared by chemical conjugation of GC and DTA via amide bond formation reaction. DTA was directly conjugated to the primary amine group of GC, which various molar ratios of 20 to 30 % in presence of EDC and NHS. In addition, we prepared 3,5-diacetamidobenzoic acid (DBA)-conjugated GC nanoparticles (GC-DBA NPs) as the non-iodinated nanoparticles. To confirm the chemical structures of GC-DTA NPs and GC-DBA NPs, they were freshly dissolved in DMSO-d~6~ / D~2~O (1:1 v/v) co-solvent and characteristic peaks were measured by 600 MHz ^1^H-NMR (DD2 600 MHz FT NMR, Agilent Technologies, USA). The structures of GC-DTA NPs and GC-DBA NPs were analyzed using characteristic peaks at 2.4 - 2.6 ppm (-CH~3~ at DTA and DBA) and 3.6 - 3.8 ppm (GC) and 7.6 - 7.9 ppm (-CH at DBA) (Figure [2](#F2){ref-type="fig"}a). The amount of iodine in GC-DTA NPs was determined using inductively coupled plasma mass spectrometry (ICP-MS). The amount of iodine in GC-DTA NPs was calculated 2.53 and 5.9 wt % when the feed amount of DTA was 20% and 30%, respectively. For x-ray CT/US dual-modal imaging, 3 % (v/v) of perfluoropentane (PFP) was encapsulated into the GC-DTA NPs by oil in water (O/W) emulsion method.[@B22], [@B23] This is because that self-assembled GC-DTA NPs can provide the hydrophobic inner core due to the hydrophobic DTA molecules. In addition, the PFP which has strong hydrophobicity can interact with the multiple inner cores of the GC-DTA NPs, resulting in forming PFP-encapsulated GC-DTA NPs (GC-DTA-PFP NPs). As the non-iodinated nanoparticles, GC-DBA-PFP NPs were prepared through same method. Hydrodynamic diameter and size distribution of GC-DTA NPs and GC-DBA NPs were observed using dynamic laser scattering (DLS) after PFP encapsulation. Hydrodynamic diameters of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs were 315 ± 49.52 nm, 303 ± 21.70 nm, 454.9 ± 3.33 nm and 498.5 ± 6.87 nm, respectively (Figure [2](#F2){ref-type="fig"}b). TEM images of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs showed spherical morphology of particles (Figure [2](#F2){ref-type="fig"}c).

*In vitro* x-ray CT/US imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs
-------------------------------------------------------------------

To observe x-ray absorption property of the GC-DTA-PFP NPs, x-ray CT images of GC-DTA-PFP NPs were acquired at the various concentrations (2.5 - 30 mg/ml of GC-DTA-PFP NPs). As shown in Figure [3](#F3){ref-type="fig"}a, x-ray absorption of the GC-DTA-PFP NPs increased linearly according to the concentration of the GC-DTA-PFP NPs. However, x-ray absorption of the GC-DBA-PFP NPs showed negligible changes according to the concentration of the GC-DBA-PFP NPs. Figure [3](#F3){ref-type="fig"}b showed that relative x-ray CT signal intensities of the GC-DTA-PFP NPs and the GC-DBA-PFP NPs compared to the distilled water, respectively. X-ray absorption of GC-DTA-PFP NPs at 30 mg/ml showed 2.25-folds higher than that of GC-DBA-PFP NPs. This is implying that GC-DTA-PFP NPs were stable at high concentrations and x-ray was absorbed by iodine, effectively. Echogenicity of GC-DTA-PFP NPs and GC-DBA-PFP NPs was monitored using agar-gel phantom at the body temperature of 37 ^o^C.[@B22], [@B23] As shown in Figure [3](#F3){ref-type="fig"}c and [3](#F3){ref-type="fig"}d, the echo signal of the GC-DTA-PFP NPs gradually increased according to incubation time, and the signal persisted over 48 h. However, US signal of GC-DBA-PFP NPs was persisted 24 h and decreased at 48 h after incubation. This is because that GC-DTA NPs could provide the much stable inner core than GC-DBA NPs for encapsulation of PFP based on the halogen interaction between amine of GC back bone and iodine of DTA.[@B24] In addition, PFP-encapsulated self-assembled nanoparticles formulations could slowly and continuously arrive at the boiling point of PFP (\> 29 °C), resulting in preventing the premature vaporization of PFP in physiological condition. Therefore, we expected that expansion of PFP in the GC-DTA-PFPs could be stably delayed in body temperature, and they could be utilized for further x-ray CT/US imaging *in vivo*.

*In vitro* cytotoxicity of analysis
-----------------------------------

The cytotoxicity of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs was evaluated using both SCC7 cancer cells and NIH3T3 fibroblast cells. To determine the cytotoxicity of nanoparticles, SCC7 and NIH3T3 cells were incubated with GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs for 24 h and then cell viability was monitored by MTT assay. When SCC7 cells were treated with GC-DBA NPs and GC-DBA-PFP NPs, viabilities of SCC7 cells did not show significant changes, compared to the non-treated SCC7 cells (Figure [4](#F4){ref-type="fig"}a). However, GC-DTA NPs or GC-DTA-PFP NPs-treated SCC7 cells showed that their viabilities were decreased as the dose-dependent manner. This is because that DTA molecule has acute cellular toxicity such as cellular energy failure, disruption of calcium homeostasis, tubular cell polarity.[@B25], [@B26] Importantly, viability of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs-treated NIH3T3 cells did not show significant changes, compared to the non-treated NIH3T3 cells (Figure [4](#F4){ref-type="fig"}b). Therefore, our results implying that GC-DTA-PFP NPs can be utilized as x-ray CT/US dual-modal imaging probe with biocompatibility.

*In vivo* x-ray CT/US imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs
------------------------------------------------------------------

To evaluate the *in vivo* biodistibution of the GC-DTA-PFP NPs, 10 mg/kg of Cy5.5-labeled GC-DTA-PFP NPs (Cy5.5-GC-DTA-PFP NPs) were injected to SCC7 tumor bearing mice via I.V. injection and fluorescence signal in the body was monitored using the real-time near infrared fluorescence (NIRF) imaging system (eXplore Optix, ART Advanced Research Technologies Inc., Montreal, Canada). Cy5.5-GC-DTA-PFP NPs were began to accumulate into tumor tissue within 1 h post-injection and NIRF signal of tumor tissue was distinguished from the surrounding normal tissue, indicating the rapid tumor accumulation of Cy5.5-GC-DTA-PFP NPs. The NIRF intensity of Cy5.5-GC-DTA-PFP NPs maximally increased at 24 h post-injection, and it was clearly observed up to 48 h post-injection, indicating the long-retention time of Cy5.5-GC-DTA-PFP NPs at targeted tumor tissues (Figure [5](#F5){ref-type="fig"}a). Organ distribution and tumor accumulation of Cy5.5-GC-DTA-PFP NPs were precisely analyzed using the *ex vivo* NIRF signals from dissected tumors and organs, including liver, lung, spleen, kidney, and heart (Figure [5](#F5){ref-type="fig"}b). *Ex vivo* NIRF images after 48 h post-injection, strong NIRF intensities were mainly observed in tumor tissue and kidney. As shown in Figure [5](#F5){ref-type="fig"}c, the NIRF intensity of tumor tissues was 5 - 19.5 folds higher than those of liver, lung, spleen and heart, whereas the strong NIRF intensity was observed in the kidney. The filtration systems against foreign nanoparticles in the body are mainly related with liver and kidney. The kidney can rapidly remove nanoparticles from the vascular with minimal catabolism or digestion in the body.[@B27] In addition, reticuloendothelial system (RES) in liver is a major excretion route with the renal clearance in kidney.[@B28] RES can recognize injected nanoparticles as foreign substance and eliminate most of them through phagocytosis. Therefore, unintended delivery of nanoparticles to liver is one of the major limitations in delivery using nanoparticles.[@B29] However, GC-DTA-PFP NPs showed high accumulation in both tumor tissue and kidney, not in liver. Therefore, this results significantly indicate that GC-DTA-PFP NPs can evade unintended excretion by RES in liver and prolong circulation *in vivo*.

Next, we obtained positively contrasted tumor x-ray CT images of SCC7 tumor bearing mice model using the GC-DTA-PFP NPs as an x-ray CT/US dual-modal imaging agent. To obtain positively contrasted tumor x-ray CT images, 120 mg/kg of GC-DTA-PFP NPs or GC-DBA-PFP NPs were directly injected (I.T.) into the SCC7 tumor tissues. As shown in Figure [6](#F6){ref-type="fig"}a, positively contrasted x-ray CT images of tumor tissues could obtain at 30 min post-injection, when they treated with 120 mg/kg of GC-DTA-PFP NPs. In contrast, x-ray CT signal of GC-DBA-PFP NPs showed negligible changes at 30 min post-injection. X-ray CT signal of GC-DTA-PFP NPs-treated tumor tissue was 1.6-folds higher than normal tissues. However, GC-DBA-PFP NPs-treated tumor tissue showed no significant signal changes between tumor tissue and normal tissue (Figure [6](#F6){ref-type="fig"}b). X-ray CT contrast effect of GC-DTA-PFP NPs and GC-DBA-PFP NPs was coincided with the *in vitro* x-ray CT phantom result. The *in vivo* tumor US images were obtained using US imaging system (Vevo770®) after I.V. injection of GC-DTA-PFP NPs (240 mg/kg, 0.3 mg/kg of PFP) into SCC7 tumor-bearing mice. As shown in Figure [6](#F6){ref-type="fig"}c, the strong echo signals began to be observed at 1 h post-injection and gradually increased for 12 h, indicating that GC-DTA-PFP NPs could be accumulated in tumor tissue. And it was coincided with the NIRF biodistribution images of the GC-DTA-PFP NPs (Figure [5](#F5){ref-type="fig"}a). Moreover, echogenicity of GC-DTA-PFP NPs did feasible US imaging at deep tissue region of the SCC7 tumor. After 12 h and 24 h post-injection of the GC-DTA-PFP NPs, the echo signal in tumor tissue was 2.3- and 2.21-fold higher than pre-injection, respectively (Figure [6](#F6){ref-type="fig"}d). This is because that GC-DTA-PFP NPs could encapsulate PFP and retard evaporation of PFP, resulting in prolonging echogenicity in the physiological condition. In addition, the echogenicity of GC-DTA-PFP NPs in tumor tissue was coincided with NIRF accumulation property in Figure [5](#F5){ref-type="fig"}a. Therefore, we deduced from *in vivo* NIRF distribution and US imaging that GC-DTA-PFP NPs could deliver PFP to tumor tissue and persist echogenesis. Most of clinical US contrast agents have short signal half-life in the body, whereas persisted echo signals of GC-DTA-PFP NPs can be utilized for real-time US imaging to diagnosis of various diseases including tumor. For the evaluation of biosafety of GC-DTA-PFP NPs and GC-DBA-PFP NPs, major organs (liver, lung, spleen, kidney, and heart) were excised from GC-DTA-PFP NPs or GC-DBA-PFP NPs-treated mouse at 24 h after intravenous injection. Histopathological changes in the major organs were observed by hematoxylin and eosin (H&E) stain (Figure [7](#F7){ref-type="fig"}). GC-DAT-PFP NPs or GC-DBA-PFP NPs-treated mice did not show any pathological changes in the histology.

In conclusion, we have demonstrated the feasibility of iodine containing-echogenic glycol chitosan nanoparticles (GC-DTA-PFP NPs) as an x-ray CT and US imaging agent of tumor diagnosis. PFP was successfully encapsulated into iodine containing inner core of GC-DTA NPs and formed stable nanoparticle in aqueous condition. GC-DTA-PFP NPs showed high stability and biocompatibility as well as enhancing both x-ray CT and US signal intensity *in vitro*. Moreover, GC-DTA-PFP NPs could enhance tumor x-ray CT imaging as well as US imaging *in vivo*. The outstanding properties of this dual-modal imaging agent could utilized for fast discrimination of tumor site by x-ray CT scanning and further real-time monitoring of the tumor site via US imaging. Therefore, we expected that iodinated echogenic nanoparticles-based x-ray CT/US dual-modal imaging may be applicable for diagnosis of various diseases including tumor. However, high dose of GC-DTA-PFP NPs which might have potential toxicity was required to improve x-ray absorption and US sensitivity *in vivo*. In addition, different dose and administration route of GC-DTA-PFP NPs for the dual-modal imaging can occur unintended side effects in the body. In further studies, we will optimize the potential toxicity and imaging sensitivity of iodinated echogenic nanoparticle, GC-DTA-PFP NPs, for the optimized x-ray CT/US dual-modal imaging probes.

Materials and methods
=====================

Materials
---------

Glycol chitosan (GC, 250 kDa), diatrizoic acid (DTA), 3,5-diacetamidobenzoic acid (DBA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), dimethylsulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma Aldrich (St. Louis, MO, USA). Perfluoropentane (PFP) 99% was purchased from Apollo Scientific Ltd. (Manchester, UK). All the chemicals were analytical grade and used without further purification. Squamous cell carcinoma (SCC7) and mouse embryonic fibroblast cell (NIH3T3) were purchased from American Type Culture Collection (Rochkvile, MD, USA). RPMI 1640 media, fetal bovine serum (FBS), antibiotics (streptomycin and 100 U/mL penicillin) and Dulbecco\'s phosphate buffered saline (DPBS, pH 7.4) were purchased from WelGENE Inc. (Daegu, Republic of Korea).

Synthesis of diatrizoic acid conjugated glycol chitosan nanoparticle (GC-DTA NPs) and 3,5-diacetamidobenzoic acid (DBA) conjugated glycol chitosan nanoparticles (GC-DBA NPs)
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Iodinated glycol chitosan nanoparticles (GC-DTA) were synthesized by chemical conjugation of diatrizoic acid (DTA) to glycol chitosan (GC) backbone. In brief, 750 mg of GC was dissolved in 750 ml of deionized water (DIW). The solution was stirred for 24 h at room temperature under reflux condition. After that, DTA (523.5 mg) was dissolved in 5 ml of DMSO and then 5 ml of DIW was added into the DTA solution. EDC (249 mg) and NHS (148.5 mg) were dissolved in each 2 ml of DIW. EDC and NHS solutions are mixed with DTA solution and stirring for 30 min. The solution was dropwised into the GC solution. The mixed solution was vigorously stirred for 12 h at room temperature. And then purified by dialysis against DIW for 3 days using dialysis membrane (MWCO: 12-14 kDa, Spectra-Por, USA). The resulting solution was lyophilized to obtain white powder, GC-DTA NPs. As a control nanoparticle, 3,5-diacetamidobenzoic acid (DBA) conjugated GC nanoparticles (GC-DBA NPs) were synthesized by described above. In brief, 750 mg of GC was dissolved in 750 ml of deionized water (DIW). The solution was stirred for 24 h at room temperature under reflux condition. After that, DBA (130 mg) was dissolved in 5 ml of DMSO and 5 ml of DIW was added to DBA solution. EDC (61.8 mg) and NHS (36.8 mg) were dissolved in each 2 ml of DIW. EDC and NHS solutions are mixed with DTA solution and stirring for 30 min. The solution was dropwised into the GC solution. The mixed solution was vigorously stirred for 12 h at room temperature and then purified by dialysis against DIW for 3 days using dialysis membrane (MWCO: 12-14 kDa, Spectra-Por, USA). The resulting solution was lyophilized to obtain white powder, GC-DBA NPs. For *in vivo* near infrared fluorescence (NIRF) imaging, Cy-5.5 labeled GC-DTA NPs were prepared by following process. 30 mg of GC-DTA NPs were dissolved in 15 ml of DMSO/DIW (50:50 v/v). Cy5.5-NHS (0.5 mg) was dissolved in DMSO and dropwised into GC-DTA NPs solution. The mixed solution was vigorously stirred for 12 h at room temperature and then purified by dialysis against DIW for 3 days using dialysis membrane (MWCO: 12-14 kDa, Spectra-Por, USA). The resulting solution was lyophilized to obtain sky blue powder, Cy5.5-GC-DTA NPs.

Preparation of perfluoropentane encapsulated GC-DTA NPs (GC-DTA-PFP NPs) and GC-DBA NPs (GC-DBA-PFP NPs)
--------------------------------------------------------------------------------------------------------

Perfluoropentan encapsulated GC-DTA NPs (GC-DTA-PFP NPs) and GC-DBA NPs (GC-DBA-PFP NPs) were formulated by o/w emulsification method as described in previous reports.[@B22], [@B23] In brief, 30 mg of GC-DTA NPs were dissolved in 1 ml of DIW and solution was contained into ice bath and emulsified with a probe type sonicator (Ultrasonic processor 750-Watt, Cole-Parmer, IL, USA). 30 μl of PFP (3% v/v, oil phase) was slowly dropped into the GC-DTA NPs solution, with sonication process (23% power, 30 sec on, 5 sec off) during 1 min. GC-DBA-PFP NPs were also prepared as described above.

Characterization of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs
-----------------------------------------------------------------------------

To confirm of chemical structures of GC-DTA NPs and GC-DBA NPs, they were freshly dissolved in DMSO-d~6~ / D~2~O (1:1 v/v) and characteristic peaks were measured by 600 MHz ^1^H-NMR (DD2 600 MHz FT NMR, Agilent Technologies, USA). The structure of GC-DTA NPs and GC-DBA NPs were analyzed using characteristic peaks at 2.4-2.6 ppm (-CH3 at DTA and DBA) and 3.6-3.8 ppm (GC) and 7.6-7.9 ppm (-CH at DBA) (Figure [2](#F2){ref-type="fig"}a). The amount of iodine in GC-DTA NPs were determined using the inductively coupled plasma optical emission spectroscopy (ICP-AES, 710-ES, Varian, Australia). To analyze the size distribution and zeta-potential (ξ) of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs, 1 mg of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs were dispersed in 1 ml of phosphate buffered saline (PBS, pH 7.4) and were measured size with zeta-potential using Zeta-sizer (Nano ZS, Malvern, UK) (Figure [2](#F2){ref-type="fig"}b). The morphologies of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs were observed using transmission electron microscope (TEM, Tecnai F20, FEI, Netherlands) at an accelerating voltage of 200 keV (Figure [2](#F2){ref-type="fig"}c). For TEM images, all samples were dispersed in distilled water and were negative stained by 2 % uranyl acetate.

*In vitro* x-ray CT and US phantom imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs
-------------------------------------------------------------------------------

To determine the x-ray absorption of GC-DTA-PFP NPs and GC-DBA-PFP NPs, they were freshly dispersed in the DIW. And then, GC-DTA-PFP NPs and GC-DBA-PFP NPs were diluted with DIW according various concentration (2.5 mg/ml to 30 mg/ml). X-ray absorption was measured using micro-computed tomography (Skyscan 1076, Skyscan Inc., Belgium) (Figure [3](#F3){ref-type="fig"}a). For x-ray CT images were obtained by the following protocol: 65 kVp, 60 μA, 26.7 × 26.7 mm field of view, 0.053 × 0.053 × 0.054 mm^3^ voxel size, 500 ms per frame, 360 views, 512 × 512 reconstruction matrix, and 400 slices. The relative x-ray CT signal intensity was calculated using Image J software (National Institutes of Health, Bethesda, USA) (Figure [3](#F3){ref-type="fig"}b). *In vitro* US phantom images of GC-DTA-PFP NPs and GC-DBA-PFP NPs were obtained using High-Resolution Micro-Imaging System (Vevo 770 system, Visual Sonics, Toronto, Canada) and equipped with RMV 706 US probe, as described in previous reports.[@B22], [@B23] For *in vitro* US phantom imaging, 200 μl of GC-DTA-PFP NPs and GC-DBA-PFP NPs solutions were injected into the agar-phantom molds and 40 MHz of ultrasound signal was applied at samples for proper US imaging (Figure [3](#F3){ref-type="fig"}c). US signal intensity was calculated by subtracted ROI ratios between water control and sample\'s intensity (Figure [3](#F3){ref-type="fig"}d).

*In vitro* cell cytotoxicity assays
-----------------------------------

SCC7 cells were cultured in RPMI 1640 medium containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin at 37 ◦C in a humidified 5% CO~2~ incubator. NIH3T3 cells were cultured in DMEM (Dulbecco Modified Eagle Medium) containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin at 37 ◦C in a humidified 5% CO~2~ incubator. The cytotoxicity of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs was evaluated using the MTT assay (Figure [4](#F4){ref-type="fig"}). In brief, 5 × 10^3^ cells of SCC7 and NIH3T3 cells were seeded onto 96-well plate and stabilized for 24 h. After stabilizing, the cells were washed twice with DPBS and incubated for 24 h with various concentrations of GC-DTA NPs, GC-DBA-NPs, GC-DTA-PFP NPs and GC-DBA-PFP NPs. Then, 25 µL of the MTT solution (0.5 mg/mL in the medium) was added to each well. And then the cells were incubated for an additional 40 min at 37 ºC. MTT-containing media was removed and then SCC7 and NIH3T3 cells were dissolved in 200 µL of DMSO. The absorbance of each well was measured at 570 nm using a microplate reader (VERSAmaxTM, Molecular Devices Corp., Sunnyvale, CA).

*In vivo* and *ex vivo* distribution analysis by near-infrared fluorescence (NIRF) imaging
------------------------------------------------------------------------------------------

All experiments with live animals were performed in compliance with the relevant laws and institutional guidelines of Korea Institute of Science and Technology (KIST) and institutional committees have approved the experiments. For the NIRF imaging of Cy5.5-GC-DTA-PFP NPs, athymic nude mice (5-weeks old, 18 - 20 g, male) were purchased from Orient Bio Inc. (Gyeonggi-do, Korea). Fur of the mouse could interfere with fluorescence imaging through absorbing and scattering light during the image acquisition. In this point of view, the nude mouse is an optimized for near-infrared fluorescence imaging. Therefore, SCC7 tumor-bearing nude mouse were utilized for clear observation of *in vivo* and *ex vivo* distribution of GC-DTA-PFP NPs. To prepare tumor-bearing mice models, a suspension of 1ⅹ10^6^ SCC7 cells in RPMI1640 (80 μl) was subcutaneously injected into left flanks of mice. When tumors grew to approximately 350 - 500 mm^3^ in volume, 10 mg/kg of Cy5.5-GC-DTA-PFP NPs was injected into the mice via tail vein (n = 3). The time-dependent biodistribution and accumulation profiles of Cy5.5-GC-DTA-PFP NPs were observed by using an eXplore Optix system with 670 nm-pulsed laser diode (Advanced Research Technologies Inc., Montreal, Canada) (Figure [5](#F5){ref-type="fig"}a). To observe NIRF in major organs, each mice was sacrificed 48 h post-injection. Then, major organs with tumors were excised and NIRF image was measured using the IVIS Lumina Series III (PerkinElmer, Massachusetts, USA) (Figure [5](#F5){ref-type="fig"}b). Fluorescence intensities in organs were analyzed using the Living Image® software (PerkinElmer, Massachusetts, USA) (Figure [5](#F5){ref-type="fig"}c).

X-ray CT/US imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs in tumor-bearing mice
------------------------------------------------------------------------------

For the x-ray CT/US dual-modal imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs, C3H/HeN mice (5-weeks old, 18 - 20 g, male) were purchased from Orient Bio Inc. (Gyeonggi-do, Korea). To prepare tumor-bearing mice models, a suspension of 1ⅹ10^6^ SCC7 cells in RPMI1640 (80 μl) was subcutaneously injected into left flanks of mice. To feasible *in vivo* x-ray CT imaging of GC-DTA-PFP NPs and GC-DBA-PFP NPs, 120 mg/kg of GC-DTA-PFP NPs (7 mg/kg of iodine) and GC-DBA-PFP NPs were directly injected into tumor tissues (n = 3) when the SCC7 tumors grew to approximately 350 - 500 mm^3^ in volume. For x-ray CT images were obtained by the following protocol: 65 kVp, 60 μA, 26.7 × 26.7 mm field of view, 0.053 × 0.053 × 0.054 mm^3^ voxel size, 500 ms per frame, 360 views, 512 × 512 reconstruction matrix, and 600 slices (Figure [6](#F6){ref-type="fig"}a). The relative x-ray CT signal intensity was calculated using Image J software (National Institutes of Health, Bethesda, USA) (Figure [6](#F6){ref-type="fig"}b). For *in vivo* US imaging, 240 mg/kg (0.3 mg/kg of PFP) of GC-DTA-PFP NPs and GC-DBA-PFP NPs were intravenously injected to SCC7 tumor-bearing mouse (n = 3). Then, US images of tumor tissues were observed for 24 h using High-Resolution Micro-Imaging System (Vevo 770 system, Visual Sonics, Toronto, Canada) equipped with RMV 706 US probe and 40 MHz of ultrasound signal (Figure [6](#F6){ref-type="fig"}c). US signal intensity was calculated by subtracted ROI ratios between background and sample\'s intensity (Figure [6](#F6){ref-type="fig"}d).

Histological analysis
---------------------

For evaluation of biosafety of GC-DTA-PFP NPs and GC-DBA-PFP NPs, major organs (liver, lung, spleen, kidney, and heart) were excised from GC-DTA-PFP NPs or GC-DBA-PFP NPs-treated mouse at 24 h after intravenous injection, and they were fixed with 4 % paraformaldehyde solution and embedded in paraffin. The sliced organs (5 μm) were stained by Hematoxylin and Eosin (H&E) and observed by optical microscope (BX 51, Olympus, USA).

Statistical analysis
--------------------

In this study, the differences between experimental and control groups were analyzed using one-way ANOVA and considered statistically significant (marked with an asterisk (\*) in figure) if p \< 0.05.
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![Schematic illustration of x-ray CT/US dual-modal imaging using GC-DTA-PFP NPs. GC-DTA-PFP NPs can discrimination of tumor site by x-ray CT and real-time monitoring using US imaging.](ntnov02p0117g001){#SC1}

![Synthetic scheme of (a) diatirizoic acid (DTA) and (b) 3,5-diacetamidobenzoic acid (DBA) conjugated glycol chitosan nanoparticles. (c) Schematic illustration of perfluoropentane (PFP) encapsulated DTA conjugated glycol chitosan nanoparticles (GC-DTA NPs) and DBA conjugated glycol chitosan nanoparticles (GC-DBA NPs) in aqueous conditions. (d) Schematic diagram of x-ray CT/US dual-modal imaging using GC-DTA-PFP NPs. GC-DTA-PFP NPs can discrimination of tumor site by x-ray CT and real-time monitoring using US imaging.](ntnov02p0117g002){#F1}

![*In vitro* characterizations of GC-DTA NPs and GC-DBA NPs. (a) Structural analysis using ^1^H-NMR. (b) Size distribution of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs, and GC-DBA-PFP NPs by dynamic laser scattering (DLS) measurement. (c) TEM images of GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs, and GC-DBA-PFP NPs. Scale bar indicates 200 nm and 400 nm.](ntnov02p0117g003){#F2}

![*In vitro* x-ray CT and US phantom images. (a) X-ray CT images of GC-DTA-PFP NPs and GC-DBA-PFP NPs (2.5 - 30 mg/ml). (b) Relative X-ray CT signal intensities of GC-DTA-PFP NPs and GC-DBA-PFP NPs. The error bars represent the standard deviation (n = 5). (c) Time-dependent US images of GC-DTA-PFP NPs and GC-DBA-PFP NPs at 37 ^o^C. (d) Normalized US intensities of GC-DTA-PFP NPs and GC-DBA-PFP NPs. The error bars represent the standard deviation (n = 5). \*Indicates difference at the *p* \< 0.001 significance level.](ntnov02p0117g004){#F3}

![*In vitro* cytotoxicity of (a) SCC7 cells and (b) NIH3T3 cells which were incubated with GC-DTA NPs, GC-DBA NPs, GC-DTA-PFP NPs, or GC-DBA-PFP NPs for 24 h at 37 ^o^C. The error bars represent the standard deviation (n = 5).](ntnov02p0117g005){#F4}

![*In vivo* biodistribution of Cy5.5 labeled GC-DTA-PFP NPs in SCC7 tumor bearing mice (n = 3). (a) Whole-body near-infrared fluorescence (NIRF) images after intravenous injection of GC-DTA-PFP NPs (10 mg/kg). White circle indicates tumor site. (b) *Ex vivo* NIRF image of organs and tumor at 48 h post-injection of Cy5.5 labeled GC-DTA-PFP NPs. (c) NIRF intensities in the organs and tumor in (b). The error bar represents the standard deviation (n = 3).](ntnov02p0117g006){#F5}

![*In vivo* x-ray CT/US imaging in SCC7 tumor-bearing mice (n = 3). (a) X-ray CT images of 120 mg/kg of GC-DTA-PFP NPs (7 mg/kg of iodine) and GC-DBA-PFP NPs-treated SCC7 tumor-bearing mice, respectively. The white arrows indicate the direct-injection site in tumor tissue. (b) Relative x-ray CT signal intensities of GC-DTA-PFP NPs and GC-DBA-PFP NPs. The relative x-ray CT signal intensities were calculated by intensities ratio of normal tissues to tumor tissue. The error bars represent the standard deviation (n = 3). (c) Time-dependent US images of tumor tissue after intravenous injection of GC-DTA-PFP NPs (240 mg/kg, 0.3 mg/kg of PFP) into SCC7 tumor-bearing mice (n =3). (d) Time-dependent US signal intensities at tumor site. The error bars represent the standard deviation (n = 3). \*Indicates difference at the *p* \< 0.005 significance level.](ntnov02p0117g007){#F6}

![Biosafety of GC-DTA-PFP NPs and GC-DBA-PFP NPs was evaluated by histopathological changes in the major organs (liver, lung, spleen, kidney, heart) based on H&E staining.](ntnov02p0117g008){#F7}
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